INTRODUCTION
Increasing costs of energy, proliferation of electrical appliances, and climate change are major drivers that are reshaping the power generation, distribution, and usage landscape.
Information and Communication Technologies (ICT) have already proven useful to tackle the challenges ahead, leading to the idea of a microgrid.
The microgrid can bring multiple benefits such as a more efficient transmission of electricity, better resilience, lower power costs for consumers, etc.
We propose to use a decentralized optimization method, the "Alternative Direction Method of Multipliers" (ADMM), in order to optimize the energy bill of a microgrid. This method was already used in order to compute optimal schedule in an electrical network [2] or in [3] for electric vehicles charging. Here, we show that this method more generally provides a generic way to coordinate producers and consumers in a microgrid in a decentralized manner. Contrary to most multi-agent schemes, the method relies on solid mathematical foundations; and as opposed to multi-level optimization and dual decomposition, it is fully distributed and does not imply any centralized controller anywhere in the system.
FRAMEWORK
An electrical network is composed of devices such as solar panels, buildings, grid connections, and batteries linked together by nets. Nets are loss-less power exchange areas which allow devices to share energy. The coordination of all devices is made with the ADMM which has recently been used for this kind of purpose by Kraning et al. in [2] .
Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for third-party components of this work must be honored. For all other uses, contact the owner/author(s). At each iteration of ADMM, each device first solves an optimization problem including its own objective and constraints, and an additional term that relates to neighbouring devices: an incentive based on the average power imbalances of the nets it is connected to.
From this solution, we extract the schedule of power consumed or produced by devices for the next horizon of time. Then, devices communicate their power schedule to the nets they are connected to, so that all nets can compute their average power imbalance which feeds the next step of optimization of devices.
This iteration process stops when the average power imbalance of each net is zero ie. nets are "really" loss-less exchange areas.
We refer the reader to [2, 1] for details.
SIMULATION SCENARIOS AND RESULTS

District and Customers
A client in our microgrid is modelled by a net which is connected to all its "equipments": eg. in Figure 1 , the "orange disc" depicts a client who owns and manages a building, solar panels and a grid connection. Moreover, this client is connected to two other clients ( , ) with wires.
Scenario 1: Network Potentialities
Reference and Optimal Scenario
Our first purpose is to demonstrate how clients, as a whole, may save money by coordinating their actions. To do so, let us consider the network in Figure 1 .
The time-step is set at 20 min and the horizon schedule at 48 h (so 144 time-steps). The simulation protocol is the following.
• First, clients are considered as independent; a simulation is performed as if wires were not present, meaning there is no cooperation between clients. The final bill paid to the grid ie. the cost of purchased electricity minus the revenue generated by electricity sales, is displayed in green in Figure 1 .
• Then, we add wires and run the simulation again; results are displayed in red above solid lines. One can remark that total expenses at the microgrid level decrease, while the same level of comfort has been guaran- teed to buildings. This gain has two main reasons:
• Clients store low cost energy and extra solar production in their batteries not only for themselves but also for others. It avoids the microgrid to buy energy from the grid during on-peak periods.
• Alone, clients sell to the grid at low cost the solar energy they can not consume. When they are connected, this energy can be sold to other clients, avoiding them the need to purchase from the grid at a higher price. Let us now consider individual gains. The first cost (in red above dashed lines in Figure 1 ) is the direct result of the optimization process. Here, we notice that the most flexible clients (that is to say, those with solar panels and/or batteries) ( , ) are not those who earn the most, on the contrary! The reason is that services they provide (energy storage and/or solar energy provider) are simply not paid ie. they supply energy freely to other, less flexible members of the microgrid.
Financial Compensation
In order to take into account these services, a post-optimization compensation of the energy exchanged between clients through wires may be performed. For instance, compensating internal exchanges at the same price as for reselling energy to the external grid yields the second cost (in red below dashed lines in Figure 1) . As a result, clients without flexibility now make no or very little gain ( ) and the benefits is essentially transferred to more flexible players.
This example illustrates how make-whole payments may be used to distribute common benefits, resulting from coordination, to individual players in such a way that nonnegative individual gains are obtained for all, and flexible clients are rewarded for their contribution. In this example, this was achieved by using -quite arbitrarily -the external grid resell price as an internal price. The upside of this method is that it simply redistributes the total gain in a fairer way, without reducing this total.
Scenario 2: Financial Gain Guarantee
In order to ensure a gain for everybody, a technical solution can be found: introducing constraints. Here are the main steps of the method:
• As it has been done in scenario 1, each client is first optimized independently with the ADMM by "deleting" wires.
• Next, the entire microgrid (with wires) is optimized with the ADMM and we use an extra parameter of grid connections in order to restrict clients' expenses to expenses they reach alone. So, the grid connection of the first client ( ) can not spend more than e7.54, the one of the second ( ) can not spend more than e3.91, etc. Those additional financial constraints have been respected: each client does not spend more than if it were alone. Second, we notice that even if financial constraints have been added, the problem still has a solution because the "free-forall" solution, which has been found at the first step of the process, exists and does not violate the new constraints. In fact, the solution found with the connected optimization, as before, can not be globally worse.
But, even if a solution exists, it is sub-optimal compared with the one found without financial restrictions: e7.87 against e6.26 previously reached. This is the cost to ensure gain for every client with this technical solution: adding constraints that enforce a certain "fairness" unfortunately degrades the global optimum.
CONCLUSION
The above simulations were performed to illustrate the flexibility of the ADMM and its ability to perform:
• fully decentralized control of an electricity smart grid which scale up well, and is more resilient than centralized methods based on a single controller, • on a wide variety of test cases allowing large-scale deployment of smart grid technologies, • using a method with solid mathematical foundations. The key assumption that allows such a dynamic management of smart grids is the availability of flexible devices such as batteries and thermal storages (here built-in inside the models used to manage entire buildings). When such devices are available, optimization methods make it possible to coordinate all members of a microgrid so as to generate global financial gains; and this paper also discussed how these global gains may translate into guaranteed benefits for individual players, at the cost of degrading the global optimum.
